Introduction
Due to the increasing quality and quantity requirements for JET fuels as well as the strict requirements of environmental protection, the necessity of production of JET fuels from alternative sources has become more important. The European Union and the International Air Transport Association (IATA) has defined directives and targets for decreasing the harmful effects of aviation. The European Union requires the usage of renewable based fuels in 10 energy%, and has also declared the use of 2 Mt/year bio-JET fuel up to 2020 [1] . In 2009, the IATA announced a three-step commitment for the aviation industry to achieve carbon neutral growth, 1.5% average annual improvement in fuel efficiency from 2010 to 2020, and 50% reduction in carbon emissions by 2050 from the 2005 level [2] . Environment-friendly JET fuels can be produced from natural/waste triglycerides/fatty acids by special hydrocracking or from waste/biomass derived synthesis gas by Fischer-Tropsch synthesis. Alternative JET fuels must be able to be used at the extraordinary conditions of aviation (low temperature, high altitude), they have to be compatible with the applied JET engines and logistic systems, and must also be available in adequate quality and quantity. In the past decade, many alternative JET fuels e.g. alcohol fuels, liquid hydrogen etc. were proposed for aviation use, but they show several inadequate properties (e.g. high vapour pressure, high freezing point or low energy density). Because of this the components of alternative JET fuels in the future must be hydrocarbons.
Global plastic production has increased to 322 Mt/ year in 2015, from which 140-160 Mt/year plastic waste was generated. The highest amount of plastic waste was generated by the packaging industry (39.9%) followed by the building and construction sectors (19.7%). The main components of the plastics are polyethylene (29.4%), polypropylene (19.1%), polyvinylchloride (10.1%), polystyrene (6.9%) and polyethylene-terephthalate (7.1%) [3] . Despite the fact that landfill of plastic waste has steadily reduced, the present scenario is far from https://doi.org/10.1515/cse-2017-0008
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Due to the limited availability of cracked fractions it is not economical to build a single plant to upgrade them. The improvement in the quality of products should be carried out in an existing kerosene hydrogenation plant in co-processing with high sulfur straight-run kerosene on a commercially available hydrogenation catalyst. Nonetheless, the possibility of this was not investigated in the literature.
Based on the abovementioned facts the aim of our experimental work was to study the improvement in quality of the kerosene fraction produced by mixing straight-run kerosene with a kerosene boiling-point range fraction derived from polyethylene cracking (10-30% polyethylene cracking fraction) on an expediently chosen, commercially available NiMo/Al 2 O 3 /P catalyst. We investigated the effects of the olefin content of the feedstocks and the process parameters (T= 200-300°C, P= 40 bar, liquid hourly space velocity (LHSV)= 1.0-3.0 h -1 , hydrogen/hydrocarbon ratio= 400 Nm 3 /m 3 on the yields, the composition, and the main jet fuel performance properties of the products (e.g. smoke point, freezing point). The process parameters were selected based on our previous experimental results as well as the parameters that are applied in a conventional kerosene hydrogenation plant.
Methods
We carried out the experiments in a pilot scale reactor system at continuous operation mode ( Figure 1 ). This system contained all of the equipment and devices that are also found in the reactor system of an industrial kerosene hydrotreating unit. Before the experiments we placed 80 cm 3 Ni(2.3%)Mo(11.0%)/Al 2 O 3 /P(2.3%) catalyst into the reactor and sulfided with gasoil containing dimethyl-disulfide in 1000 mg/kg concentration. The composition and main properties of the feedstocks are summarized in Table 1 . The hydrocarbon composition and the olefin content were determined with gas chromatography ( Table 2 ). The main properties of the feedstocks and liquid products were determined using standard analytical methods with the given tolerances outlined in Table 3 . Hydrodesulfurization and hydrodearomatization efficiencies were calculated based on the converted amount of sulfur and aromatic hydrocarbons, related to the sulfur and aromatic content of the applied feedstock.
satisfactory. Plastics do not to degrade in a reasonable time, and their effects are harmful to the environment. Incineration (~40%) and mechanical recycling (~30%) are used most frequently for the handling of plastics, while the extent of chemical recycling is below 1% [3] .
Based on the literature, catalytic and thermal cracking of polypropylene and polyethylene have been examined most widely [4] [5] [6] [7] [8] [9] [10] , but some research groups have also examined the co-pyrolysis of plastics with biomass [11, 12] . Fractions obtained by cracking of plastic wastes contain olefin hydrocarbons in significant quantity. Olefins are reactive compounds, they can cause deposits in jet engines, and therefore they are not allowed components in JET fuels. The cracking process can be carried out at lower temperatures using catalysts, and yields of products of desired carbon number range hydrocarbons can also be enhanced [8, 13] . In addition, direct contact with the catalyst can result a shorter catalyst cycle time. Based on the above, a two-step process has been proposed for the improvement of the quality of the cracking fraction, combining the thermal cracking of the polymer and the catalytic hydroreforming of the obtained liquid fraction [14] [15] [16] [17] [18] . In the two-step processes Ni/h-β, Ni/h-ZSM5, Ru/h-β, NiRu/h-β catalysts were applied. Due to their nickel content, the hydrogenation, hydroisomerization and aromatization activity of the tested hierarchical β zeolite increased [14] . At the favourable process parameters (T= 310°C, P= 20 bar, catalyst/feedstock ratio=1:30 and residence time=45 min) a 39.5% isoparaffin and 20.5% aromatic hydrocarbon containing gasoline fraction was produced on the Ni(7%)/h-β zeolite. The product became practically olefin free. The research octane number of gasoline and the correlated cetane index of gasoil fractions were 89.3 and 71, respectively [15] . On Ni/h-ZSM5 similar aromatic selectivity (21.5%), octane number (88.1) and gasoil cetane index (74) were observed, but the extent of the olefin saturation was 30% [16] . During the regeneration of Ni/h-β zeolite the nickel phase was sintered. Lower isoparaffin and aromatic contents were observed due to higher steric hindrances by the lower pore volume of the regenerated catalyst and by sintering [17] . Impregnation with ruthenium contributed to stabilizing the nickel particles, and sintering did not occur [18] .
The improvement of the quality of kerosene fractions has been investigated by only a few research groups. Zhang et al. [19] investigated the microwave cracking of LDPE and the possibility of the batch hydrogenation of the produced C 8 -C 16 fraction. At the favourable process parameters (T=250°C, P=35 bar, τ=2h, 5% Raney Nickel catalyst) the concentration of aliphatic alkanes, cycloalkanes, hydrogenated aromatics and aromatic lower temperatures and higher LHSVs (Figures 4 and  5) . The inhibitory effect of the olefin hydrocarbons was not observed at temperatures of 240°C and higher. Additionally, the hydrodesulfurization efficiency was the highest when using feedstock of PE30 (PE 30 feedstock: 30% PE cracked fraction + 70% SR kerosene) at these temperatures. Based on the data presented in Figures  4 and 5 it can be stated that the inhibitory effect of the olefins on the hydrodesulfurization ceased at 220°C. The aromatic content of JET fuels is an important property, because it is related to the burning properties. The aromatic content of the feedstocks decreased as the practically aromatic free polyethylene cracked fraction was blended into the straight-run kerosene. The aromatic content of the liquid products changed similarly to the sulfur content as a function of the process parameters. The concentration of diaromatics was reduced to below the detectable limit at 260°C. Products containing the lowest amounts of aromatics were produced from the feedstock of the highest cracked fraction content (Figure 
Results
The yield of the liquid products varied between 99.7 and 99.8%, and decreased with an increase in the reaction temperature and residence time. The sulfur content of the products changed in a similar fashion (Figure 2-3 ) reducing below the detectable limit at 300°C. The amount of olefin hydrocarbons in the applied feedstocks influenced the hydrodesulfurization efficiency significantly at both The fuel volatility and ease of vaporization at different temperatures are determined by distillation. In the JET-A1 fuel standard the 10 volume% distilled temperature (205°C) and the final boiling point (300°C) are limited. The distillation requirements were fulfilled by the feedstocks and the products.
The concentration of n-, iso and cycloparaffins increased in the products ( Table 4 ) that became practically free of olefins at 280°C and 300°C. At these temperatures 6). The extent of the hydrodearomatization was minor in the temperature range of 200-240°C (Figures 7 and 8) . Above 240°C the aromatic saturation was not practically influenced by olefins.
The smoke point of the products increased with the reduction of the aromatic content and the conversion of the olefins to paraffin hydrocarbons having better burning properties (Figure 9 ). The smoke point of products that were produced from the feedstock (PE10) containing 10% cracked fraction were equal to the smoke point of the original feedstock up to 240°C, but in the case of feeds of higher olefin content (e.g PE30) these values increased significantly from 200°C.
Due to safety reasons the most important performance property of JET fuels is the freezing point. The maximum allowable value according to the JET-A1 standard is -47°C. Freezing points of feedstocks increased as the n-olefin containing cracked product was mixed into the straightrun kerosene (e.g. in case of PE30 feed from -56.1°C to -32.7°C). The freezing point of the products became higher during the hydrogenation ( Figure 10 ) and it did not fulfil the requirement of JET-A1 standard. Olefin saturation takes place at the same catalytically active sites as the hydrodearomatization, but the former is more rapid and more complete. Consequently, the concentration of olefin hydrocarbons was reduced by 20-60% at temperatures as low as 200°C. The hydrodearomatization efficiency became higher above 240°C. This can be explained on the one hand by the higher reaction rate of the aromatic saturation, and on the other hand the higher number of free active sites for hydrogenation of aromatic rings especially in case of feedstocks containing lower amounts of aromatic hydrocarbons (e.g. PE30, Figure 7-8) .
Hydrogenation of the unsaturated hydrocarbons (olefin and aromatic) resulted the formation saturated hydrocarbons (aliphatic-and cycloparaffins). The pour point of the former compounds is significantly lower at the same carbon number than those of the latter, therefore the freezing points became higher during the hydrogenation ( Figure 9 ).
In parallel with the formation of saturated molecular structures the susceptibility to polymerization decreased, and the oxidation stability is also thought to have increased. Values of the smoke point belonging to the burning properties of JET fuels were also improved ( Figure 9 ). The hydrogen/hydrocarbon ratio of the products became higher, resulting in a lower CO 2 emission during use.
As this is a practically sulfur free product, the amount of the emitted SO x can be reduced. With the reduction in concentration of the sulfur compounds the extent of the sulfur corrosion caused by acidic products formed from SO 3 in the combustion chamber can also be decreased. The lower aromatic content results in a lower flame temperature in the JET engine , therefore the extent of the thermal NO x emission is lower. Consequently with the use of JET fuels produced from plastic wastes we can reduce the values of iodine number reduced below 1 gI 2 /100g, which is the range characteristic for the hydrotreated JET fuel. It is general rule that a higher share of saturated hydrocarbons improves the oxidation stability of the JET fuel.
Discussion
In the applied temperature range the hydrodesulfurization reactions were in the kinetically controlled range in the applied catalytic system, therefore the reaction rate of the hydrodesulfurization increased with increased temperatures, the C-S bond scission and the extent of the H 2 S formation also increased. The decrease in the liquid product yields is equivalent to the weight loss caused by hydrodesulfurization resulting in sulfur splitting and H 2 S evolution. Therefore hydrocracking reactions did not take place at the examined process parameters. This was also supported by the fact that the concentration of hydrocarbons was below 0.01% in the gas stream. The LHSV reduction also favoured hydrodesulfurization due to the sulfur containing molecules remaining longer on the catalytically active sites.
The olefin hydrocarbons present in the feedstocks adsorbed more strongly on the surface of the catalyst than the sulfur compounds. This inhibited the conversion of sulfur compounds at lower temperatures and reaction rates (see Figure 4 -5). The saturation of strongly adsorbed olefins took place more rapidly when the temperature was increased, and they desorbed from the surface of the catalyst more easily, therefore a sufficient number of catalytically active sites were available to remove the sulfur compounds to a great extent. Therefore the hydrodesulfurization efficiency above 220°C was higher for the feedstocks containing a higher ratio of cracked fraction. 
